ATP-binding cassette (ABC) transporters utilize the energy from ATP hydrolysis to transport substances across the membrane. In recent years, crystal structures of several ABC transporters have become available. These structures show that both importers and exporters oscillate between two conformations: an inward-facing conformation with the substrate translocation pathway open to the cytoplasm and an outward-facing conformation with the translocation pathway facing the opposite side of the membrane. In this review, conformational differences found in the structures of homologous ABC transporters are analyzed to understand how alternating-access is achieved. It appears that rigid-body rotations of the transmembrane subunits, coinciding with the opening and closing of the nucleotide-binding subunits, couples ATP hydrolysis to substrate translocation.
Introduction
ATP binding cassette (ABC) transporters are ubiquitous integral membrane proteins that use the energy from ATP binding and hydrolysis to transport a diverse array of substrates across the membrane bilayer. ABC transporters contain two transmembrane domains or subunits (TMDs) that form the translocation pathway and two cytoplasmic nucleotide-binding domains or subunits (NBDs) that hydrolyze ATP (reviewed in [1] ). ABC transporters diverged very early into two classes that correlate with the direction of substrate transport [2] . In importers, TMDs and NBDs reside on separate subunits while in exporters, TMDs are fused to NBDs. Importers, found in prokaryotes, contain additional periplasmic or cell-surface-associated binding proteins that bind substrates with high affinity and deliver them to the TMDs. Exporters recruit their substrates directly from the cytoplasm or lipid bilayer. Whereas the TMDs have low sequence similarity, the NBDs are highly conserved, each consisting of a RecA-like subdomain containing Walker A and B motifs and a helical subdomain containing the LSGGQ signature motif.
For more than two decades, genetic, biochemical and structural studies have provided a wealth of information valuable in understanding the molecular mechanism underlying ABC transport. These data have been summarized in several recent reviews [2] [3] [4] [5] . Here we discuss the latest advances in the structural studies of full-length ABC transporters, focusing on conformational differences that may explain how substrates cross the membrane. Since the first high resolution structure of an ABC transporter, the E. coli vitamin B 12 importer [6] , was reported in 2002, crystal structures of five more importers and two exporters have been solved. In this review, we divide the structures into three categories, based on the architecture of the TMDs: small importers with a common five-helix core [7] [8] [9] [10] , large importers containing 20 membranespanning helices [6, 11, 12] , and exporters [13] [14] [15] . The mechanism inferred from the small importers, where we have the most structural information, may well apply to other ABC transporters.
Small ABC importers
Two ABC importers, the molybdate/tungstate transporter from A. fulgidus (AfModBC-A) and the E. coli maltose transporter (MalFGK 2 -E), were crystallized in complex with their binding proteins [7, 8] . The homodimer of the TM subunits (ModB) in the AfModBC-A structure [7] forms an inverted V-shaped cavity accessible to the cytoplasm ( Figure 1A , left). The two ATPase ModC subunits are arranged in an open, nucleotide-free conformation, in which the Walker A motif of one subunit faces, but is separated, from the LSGGQ motif of the other. The binding protein ModA is in a closed conformation with substrate bound in a cleft between its two lobes and is docked onto the extracellular loops of ModB, placing the substrate directly above the closed entrance of the translocation pathway. In contrast, the two ATPase MalK subunits in the MalFGK 2 -E structure [8] form a closed dimer, with two ATP molecules bound along the interface in contact with residues from the Walker A/B motifs of one monomer and the LSGGQ motif of the opposite monomer ( Figure 1A , right). The maltose binding protein (MBP or MalE), also docked at the periplasmic surface, is in an open conformation, contributing to the formation of a large, occluded cavity located at the interface of the TM subunits MalF and MalG that faces the periplasm ( Figure 1A , right, see also Figure 2A ). ATP hydrolysis is thought to occur in the closed NBD dimer conformation [16] and biochemical and biophysical evidence has linked the opening of MBP on one side of the membrane to the closure of the nucleotide-binding interface on the other side [17] [18] [19] , providing an explanation for how MBP may stimulate the ATPase activity of the transporter when it binds.
Based on the structures of AfModBC-A and MalFGK 2 -E, we propose a model involving an alternating-access mechanism for ABC transporters that explains how transport is coupled to ATP hydrolysis ( Figure 1B ). In the inward-facing, resting state, the NBD dimer interface is held open by the TMDs. In the presence of ATP, interactions with the closed, substrate-loaded binding protein promote the progression from the resting state to the outward-facing, ATP hydrolysis transition state, in which the NBD dimer is closed for hydrolysis and the TMDs have reoriented to receive substrate from the binding protein. In the maltose uptake system, MBP binds more tightly to and thereby stabilizes the transition state conformation [17] . After ATP hydrolysis, the NBD dimer opens and the transporter reverts to the resting state concomitantly with exposure of the substrate to the cytoplasm. Given that the intracellular ATP concentration is ten times the Km of most ABC transporters [20] , the nucleotide-binding sites are probably saturated with ATP in the resting state in vivo. We recently showed that closure of the NBD interface requires not only the binding of ATP, as seen with isolated NBDs [21, 22] , but also the binding of MBP to the intact transporter [19] . Consistently, in the absence of ATP the resting state of AfModBC-A was observed even though the binding protein was present [7] .
The location of the substrates in AfModBC-A and MalFGK 2 -E elucidate the translocation pathway across the membrane. In the resting state structure of AfModBC-A, the substrate is bound to the closed binding protein [7] . In the outward-facing structure of MalFGK 2 -E [8] , the substrate maltose is present at the base of the TM cavity, approximately halfway across the predicted lipid bilayer (Figure 2A ). Although genetic data have suggested the presence of a substrate-binding site inside the TM subunits [23] [24] [25] [26] , the structure of MalFGK 2 -E provides the first picture of how TMDs interact with a substrate. In the maltose transporter, the translocation pathway is completely shielded from the membrane bilayer by TM helices of MalF and MalG and from the periplasm by the open, apo MBP. Maltose is bound in the cavity by ring stacking and hydrogen bonding interactions exclusively to MalF (Figure 2A ).
In the most recent structures of the M. acetivorans molybdate/tungstate transporter (MaModBC) [9] and the E. coli methionine transporter (MetNI) [10] , additional, unexpected substrate-binding sites were revealed in a domain C-terminal to the NBDs ( Figure 2B ). For both transporters, substrate was shown to inhibit the basal ATPase activity of the transporter, assayed in detergent, with half-maximal inhibition occurring at low micromolar concentrations. Compared to AfModBC-A, both MetNI and MaModBC show larger separations between their two NBDs coincident with a wider opening of the TMDs on the cytoplasmic side of the membrane ( Figure 2B ). These two structures are interpreted in the context of a trans-inhibition mechanism, whereby intracellular methionine inhibits the uptake of external methionine in a concentration dependent manner [27] . Binding of the substrate to the C-terminal extension of the ATPase subunit might stabilize these transporters in an inwardfacing conformation, thereby preventing the transition to the outward-facing state [9, 10] .
A common feature of this group of importers is the TMD/NBD interface. Each NBD is bound to one TMD primarily through contacts of a short cytoplasmic helix of the TMD, "the coupling helix" [3] , that lies approximately parallel to the membrane bilayer and docks in a surface cleft formed between the RecA-like and helical subdomains. Despite the differences in their sizes and conformational states, a common structural core consisting of five TM helices is found in the structures of ModB, MalF, MalG, and MetI [10] . The root mean square deviation (rmsd) between equivalent Cα positions among these structures is ~2.5 Å [10] . The fact that the TM cores of outward-facing MalF and MalG are super-imposable with the inward-facing cores of ModB and MetI suggests that transitions between the inward/outward-facing conformations is likely to involve rigid-body rotations of the core. The sequence similarity among these small importers is low, therefore, to understand the details of the conformational change leading to alternative-access, structures of both inward-and outward-facing states will have to be determined from a single or homologous ABC transporter.
Large ABC importers
The category of large ABC importers includes the E. coli vitamin B 12 transporter (BtuCD) [6, 11] and the homologous metal-chelate transporter from H. influenzae (HI1470/1) [12] ( Figure 3) . The functional unit of the vitamine B12 transporter consists of two copies each of the ATPase subunit (BtuD) and the TMD subunit (BtuC). Whereas BtuD exhibits a canonical NBD fold, the architecture of the TMD subunit is very different from the small importers; BtuC contains ten transmembrane helices that do not resemble the five-helix core of the smaller importers. The structures of BtuCD were determined both in the presence and absence of its binding protein BtuF. Structural comparison of BtuCD and BtuCD-F shows that the NBDs are essentially in the same open dimer configuration, with an rmsd of 0.5 Å in Cα positions. In addition, seven membrane-spanning helices (TM1-2, and 6-10) superimpose closely for the BtuC subunits in both structures. The major structural differences lie in a subdomain consisting of helices TM3/TM4/TM5/5a (the inner subdomain). In BtuCD, the two inner subdomains are symmetrical and lie in an outward-facing conformation [6] . In BtuCD-F, helices TM3-5a of the two subunits have different conformations, one similar to BtuCD (Figure 3, orange) , the other shifts approximately 20 degrees (Figure 3, cyan) . Because TM5 lies in the BtuC dimer interface, the rotation of the inner subdomain has a substantial impact on the translocation pathway. Consequently, the outward-facing substrate-translocation pathway in BtuCD is closed to both sides of the membrane in BtuCD-F. In HI1470/1, a homologous protein to BtuCD [12] , the apo-NBDs are separated to a larger degree than in BtuCD and the TM cavity is closed to the periplasm and open to the cytoplasm ( Figure 3) . As noted by Rees and colleagues, reorientation of the translocation pathway between BtuCD and HI1470/I can be described as two rigid-body movements, rotations of the inner subdomains plus a ~9 degree twist of one TMD with respect to the other [12] .
The structures of BtuCD, BtuCD-F, and HI1470/1 provide clear evidence for the flexibility of the inner subdomain and its importance in mediating alternating-access. Similar to other ABC transporters, substrate translocation in BtuCD is coupled to ATP binding and hydrolysis [28] , therefore it may seem counterintuitive to observe three different conformations in the absence of nucleotides. Since the inner subdomain makes no contacts and appears to move independently from the NBDs (Figure 3) , a possible interpretation of the three structures is that in the resting state where the NBD dimer is open, the inner subdomain is flexible, with two different conformations captured in the crystal structures of BtuCD [6] and HI1470/1 [12] . In BtuCD-F, the position of the inner subdomain is influenced by the interactions with the binding protein, and thus exhibits an asymmetric conformation [11] . For the class of large importers, the alternating-access mechanism will likely involve rotations of two rigid-body groups per transmembrane subunit. The movement of the first rigid-body group (TM1-2, 6-10) would be coupled to the opening and closing of the NBDs while the second rigid-body group (TM3-5a or the inner subdomain) would move in response to the periplasmic binding protein.
Modulation of the inner subdomain might be necessary to allow translocation of large substrates such as vitamin B 12 . It is tempting to suggest that, in the intermediate state where ATP molecules are bound at the closed NBD dimer interface, there will be an outward-facing cavity larger than that observed in the BtuCD structure [6] , similar to that seen in MalFGK 2 -E [8] . Structures of these transporters in a nucleotide-bound/closed-NBD state will be necessary to fully elucidate the alternating-access mechanism.
ABC exporters
The structure of the multidrug transporter Sav1866 from S. aureus was the first high-resolution structure reported for an ABC exporter [13, 14] . Sav1866 is a homodimer of half transporters, each subunit contains an N-terminal TMD with six helices and a C-terminal NBD with the canonical fold ( Figure 4A ). The NBDs of Sav1866 form a closed dimer with nucleotide bound and the TM helices split into two "wings" in the outer leaflet of the membrane, creating an outward-facing conformation ( Figure 4A ). Each wing consists of helices TM1-2 from one subunit and TM3-6 from the other subunit. The TM segments are connected by long intracellular loops (ICLs) that extend beyond the lipid bilayer into the cytoplasm. In contrast to the importers whose coupling helices contact a single NBD, each TMD of Sav1866 contains two intracellular coupling helices, one (ICL1) contacting the NBDs of both subunits, the other (ICL2) interacting solely with the NBD of the opposite subunit.
The recent structures of the lipid flippase MsbA, two nucleotide-bound and two apo forms have highlighted the dynamic nature of ABC exporters [15] , as suggested by fluorescence and EPR studies [29, 30] . The structures of MsbA co-crystallized with AMP-PNP or ADP/Vi are very similar to that of Sav1866, showing an outward-facing, intertwining conformation ( Figure  4B ). The two apo forms are both inward-facing with different degrees of separation of the two subunits. Two helices, TM4-5, cross over the dimer interface and associate with the opposing subunit. As a consequence, the coupling helix connecting TM4-5 (ICL2) maintains its interaction with the NBD of the other subunit in both apo and nucleotide-bound configurations while ICL1 breaks contact with the opposing NBD ( Figure 4B ). Transition from the open-apo form to the closed-apo form would involve a ~30 degree pivoting of the TM4-5 helices around a hinge formed by the extracellular loops ECL2 and ECL3, bringing the NBDs closer to each other [15] (Figure 4C ). However, in the absence of nucleotide, the NBDs in the closed form are "misaligned", in that the Walker A motif of one NBD sits opposite the Walker A motif of the second NBD, instead of the LSGGQ loop [15] . Formation of the canonical closed dimer from this closed-apo intermediate would require sliding of the two NBDs along the dimer interface, and would be coupled to a twisting motion in the TMDs that pulls TM3-TM6 away from TM1-TM2 of the same subunit to form the outward-facing conformation ( Figure 4C ).
Conclusions
In recent years, great advances have been made in determining structures of ABC transporters. The common lesson learned is that both importers and exporters adopt an outward-facing conformation in the ATP-hydrolysis transition state and an inward-facing conformation in the resting state. In keeping with their function, importers receive their substrates in the outwardfacing state and release them in an inward-facing state, and it appears likely that exporters do the opposite, though an exporter has not yet been crystallized with substrate bound. Multiple conformations have been observed, demonstrating the conformational flexibility of ABC transporters. However, substantial biochemical analysis will be required to fully interpret these structures and to formulate models of substrate translocation. 
